The interfacial intermetallic formation at 150°C between Cu and various solders, including Sn-9Zn, Sn-8.55Zn-1Ag, and Sn-8.55Zn-1Ag-XAl was investigated. The Al contents X of the quaternary solder alloys investigated were 0.01-0.45 wt.%. The compositions and the growth kinetics of intermetallic compounds (IMCs) were investigated. The IMC consisted of three layers for Sn-9Zn/Cu, Sn-Zn-Ag/Cu, and Sn-Zn-Ag-XAl/Cu specimens after aging for 100-600 h. These three layers included the Cu 3 (Zn,Sn) phase adjacent to the solder, the Cu 6 (Sn,Zn) 5 phase in the middle, and the Cu-rich phase near to Cu. For long-term aging time over 1000 h, the Cu 6 (Sn,Zn) 5 phase grew, while the Cu 3 (Zn,Sn) phase diminished. Al segregation formed in the IMC for all of the Sn-Zn-Ag-XAl/Cu specimens after aging. Cracks formed, when aged for 1000 h, at the solder/IMC interface or within the IMC layer for the following solders: Sn-9Zn, Sn-8.55Zn-1Ag, Sn-8.55Zn-1Ag-0.1Al, Sn-8.55Zn-1Ag-0.25Al, and Sn-8.55Zn-1Ag-0.45Al. The crack was not detected up to 3000 h for the Sn-8.55Zn-1Ag-0.01Al/Cu couple, of which the IMC growth rate was the slowest among all solders.
I. INTRODUCTION
Pb-free solder has been an important issue in electronic material development for a decade. Many Snbased ternary and quaternary Pb-free systems have been investigated. [1] [2] [3] [4] [5] [6] [7] [8] [9] A drop-in replacement lead-free solder alloy has to satisfactorily address melting temperature, wettability, electrical and thermal conductivity, thermal expansion coefficient, mechanical strength and ductility, creep resistance, thermal fatigue resistance, corrosion resistance, and manufacturability. 5 Therefore an acceptable Pb-free alternative for Sn-Pb solder should be superior or equivalent to Sn-Pb solder in the above-mentioned properties. This is crucial in applications, for instance, in avionics and automotive where solder is subjected to thermal cycles and high temperature circumstances up to 150°C. 10 The formation of intermetallic compounds (IMCs) will affect the reliability of solder joint.
IMC layers including Cu 6 Sn 5 next to solder and Cu 3 Sn next to Cu pad are observed in all aged Sn-Ag/Cu and Sn-Pb-Ag/Cu solder joints. The Ag 3 Sn particles in Sn-Ag solder grow slowly during the aging process. 11 The Cu 5 Zn 8 IMC layer was observed at the interface between the Sn-XZn (X ‫ס‬ 3, 6, and 9 wt.%) solder and Cu rod when soldered at 290°C. 12 Transmission electron microscopy analysis shows that the Sn-3.6Pb-2Ag/Pd-3Ag/Al 2 O 3 system forms a variety of IMC phases near the substrate after aging at 150°C for 32 days. 13 These IMCs include Ag 5 Sn, Ag 3 Sn, Pd 2 Sn, PdSn 2 , PdSn 4 , Pd 3 Sn 2 , PdSn, PbPd 3 , and Pd 3 Pb 5 . Formation of the multiphase IMC layer is the main factor that affects reliability of surface mounted thick film solder joints on ceramic substrate. 13 The thickness of the IMC was largest for Sn-3.5Ag-6.5In among the Sn3.5Ag-X (X ‫ס‬ Cu, In, and Ni)/Au/Ni/Cu system, irrespective of soldering (250°C for 60 s), aging (130°C for 100 h), and thermal cycling (−65 to 150°C for 100 cycles) conditions. The Cu 6 Sn 5 particles seemed to attach to the interfacial IMC for the Sn-3.5Ag-1.5Cu solder.
14 The IMCs formed between eutectic Sn-Pb, Sn-3.5Ag, Sn-3.8Ag-0.7Cu, and Sn-0.7Cu solders and Cu were studied for aging at 125, 150, and 170°C. 15 The growth rate of IMCs in eutectic Sn-Pb is faster than that in Pb-free solders and the same type of IMCs (Cu 6 Sn 5 and Cu 3 Sn) are formed in all the solders.
Wettability is the base to all soldering processes. It is of importance to understand the thermodynamics and kinetics of wetting interaction between solder and substrate. The present study investigated the interfacial interaction during soldering of Cu by Sn-Zn-Ag-Al solders. Investigations focused on the microstructure and growth of IMC formed between Cu and Sn-Zn-Ag-Al solders for aging at 150°C. The effect of Al element on microstructure and IMC growth between the solder and copper were also investigated in this work.
II. EXPERIMENTAL
A 99.9% pure copper rod with 1-mm diameter was applied as the substrate for wetting investigation. The specimen was sequentially degreased in 5 wt.% NaOH at 70°C for 5 min, rinsed in deionized (DI) water for 5 s, cleaned in 10 vol% HNO 3 for 5 s, rinsed in DI water for 5 s, and finally cleaned with 98% alcohol solution for 5 s, and dried. After the pretreatment, the specimen was dipped in the dimethylammonium chloride flux (2.5 g/100 ml C 2 H 5 OH) for 30 s. Preheating was conducted at 60°C for 20 s to avoid formation of bubbles at the interface between solder and Cu substrate. The solders investigated include eutectic Sn-9Zn and Sn-8.55Zn-1Ag-XAl (X ‫ס‬ 0, 0.01, 0.1, 0.25, and 0.45 wt.%) solders. The Sn-8.55Zn-1Ag-XAl solders show less dross formation than Sn-9Zn and Sn-8.55Zn-1Ag solders. The wetting investigation was conducted with wetting balance. The investigation was performed at 250°C with an immersion time of 15 s, immersion depth of 9.9 mm, and immersion speed of 15 mm/s. The soldered specimens were then aged in oven at 150°C for 100-3000 h. The cross-sectional microstructure of the soldered specimens was etched in a 0.2 vol% HCl solution prior to investigation with scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), and electron probe microanalysis (EPMA).
III. RESULTS

A. Microstructural analyses
1. Eutectic Sn-9Zn solder Figure 1 shows the interfacial microstructures formed between Sn-9Zn solder and Cu substrate after aging at 150°C for 100, 300, and 1000 h. The IMC layer formed in the Sn-9Zn/Cu specimen after aging at 150°C for 100 h is not visible with backscattering electron imaging (BEI). The results of EDS analysis (Table I) show that compositions of points A and B of Fig. 1(a) in the solder matrix are Cu 3 (Zn,Sn) and Cu 6 (Sn,Zn) 5 phases. Further aging up to 300 h gives rise to Cu-rich, Cu 3 (Zn,Sn) and Cu 6 (Sn,Zn) 5 phases, as shown respectively for points A, B, and C in Fig. 1(b 
Sn-8.55Zn-1Ag solder
The as-soldered Sn-8.55Zn-1Ag/Cu specimen forms a compound layer at the interface. Cu specimen after aging at 150°C for 600 h. The aging process gives rise to various compositions (Table I) (Table I) The BEI image in Fig. 3 (a) clearly differentiates the various phases formed within the 0.01 Al-containing solder. It is noticed that Al will segregate (point C) as characterized in Fig. 3(c) . The segregation of Al has also been detected for Sn-Zn-Al system. 3 Ag shows strong association with Zn as evidenced by the EPMA analysis 5 Point B 300
Cu-rich (67 at.%) Fig. 1(b) : Point A Cu 3 (Zn,Sn) Point B Cu 3 (Sn,Zn) 5 Point C 1000
Cu-rich (84 at.%) Fig. 1(c 5 Point C 1700
Cu-rich (67 at.%) Fig. 2(b) : Point A Cu 6 (Sn,Zn) 5 Point B Sn-8.55Zn-1Ag-0.01Al 1000 Cu-rich (67 at.%) Fig. 3(a) : Point A Al-Cu compound Point B Al-Cu compound Point C Cu 6 (Sn,Zn) 5 Point D Sn-8.55Zn-1Ag-0. Point A Cu 6 (Sn,Zn) 5 Point B Al-Cu compound Point C Cu 6 (Sn,Zn) 5 Point D 1000
Point A Cu 6 (Zn,Sn) 5 Point B Al-Cu compound Point C Cu 6 (Sn,Zn) 5 Point D Sn-8.55Zn-1Ag-0. . However, the compositional analysis at points A, B, and C was unable to detect Ag (Table I) . This further indicates that Ag is not engaged in the Sn-Zn-Cu compounds. Aging of higher Al wt.% specimens, Sn-8.55Zn-1Ag-(0.1-0.45) wt.% Al (Figs. 4-6) , produced cracks at the interface between IMC and solder. The IMC layer consists of Sn-Zn-Cu as presented in Table I . It is also noticed that Al tends to segregate at the interface between solder and IMC upon aging as evidenced by the result of Table I 
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Interfacial evolution between Cu and Pb-free Sn-Zn-Ag-Al solders upon aging at 150°C 1700 h (Fig. 8) . Both Al and Ag were seen to move to the interface between solder and IMC [ Fig. 8(b) ] or even to the outer solder layer [ Fig. 8(c)] . A further increase in Al content up to 0.25 wt.% (Fig. 5 ) and 0.45 wt.% (Fig. 6) shows segregation of Al as evidenced by the elemental analysis (Table I ) of all point Cs of these two specimens.
B. Thermodynamic of IMC growth
It was described earlier that the IMC layer grows upon aging at 150°C. The growth behavior of the IMC layer with respect to the square root of time (Fig. 9) shows a linear correlation for all solders. This result shows that the formation of the IMC for all investigated solders is a diffusion-controlled process. The rate constants for the Sn-9Zn and Sn-Zn-1Ag solders are closing to each other, indicating the same IMC formation reaction. It is of interest to notice that the small addition of 0.01 wt.% Al greatly lowers the rate constant. The 0.01 wt.% Alcontaining solder exhibits the smallest rate constant. In other words, the addition of Al to 0.01 wt.% prominently lowers the formation rate of the IMC. The degradation effect exists up to 0.1 wt.% Al. The greatest growth rate of IMC occurs for the Sn-8.55Zn-1Ag-0.25Al/Cu specimens, followed by the Sn-8.55Zn-1Ag-0.45Al/Cu specimens.
IV. DISCUSSION
Eutectic Sn-9Zn solder
The IMC was found to consist of three layers for the as-soldered Sn-9Zn/Cu specimen. 12, 16 These three layers include the ␥-Cu 5 Zn 8 adjacent to the solder, the ␤-CuZn in the middle, and the unknown thinnest layer near to Cu. All these layers do not contain Sn. 16 These Cu-Zn layers are not stable and may further react with Cu to form Cu 5 Zn 8 particulate after aging at 150°C for 100 h. Sn may also easily diffuse through the IMC layer to form the Cu 6 Sn 5 . 16 Thus, Cu-Zn compounds form and Cu 6 Sn 5 is scattered within the IMC layer after aging at 150°C. Thermodynamically, the Gibbs free energy of a IMC formation reaction must be a negative value to form the Fig. 1(a) Fig. 1(a) , point B] seems to be the Cu 6 (Sn,Zn) 5 compound that belongs to the Cu 6 Sn 5 phase. Nevertheless, a comparison between Figs. 1(a) and 1(c) reveals that the layer A of Fig. 1(c) was not observed after aging for 100 h [ Fig. 1(a) 19,20 Combination of voids may give rise to cracks upon extended aging. Nevertheless, it is also likely that the stress induced by the IMC growth results in crack formation. Most of the cracks are not parallel to the interface and, apparently, are not associated with Kirkendall voids.
Sn-8.55Zn-1Ag solder
It was found that the Ag-Zn compounds are dissolved after the aging process. There was not detected any Ag segregation or formation of Ag compound with the other elements. The observations are explained as follows. The Sn-Zn binary phase diagram 18 indicates that Ag exhibits 1 at.% solid solubility in Zn while zero solubility in Sn. 15 The Gibbs free energies for the formation of various compounds at 150°C are −4. 17 Hence, the relative sequence of the formation of these compounds is ␥-Cu 5 Zn 8 > ␤-CuZn > -Cu 6 Sn 5 ∼ AgZn 3 > ⑀-Ag 3 Sn under solid state. This information provides an explanation why Ag-Zn compound was not observed. Thus, it is difficult to form Ag-Zn and Ag-Sn compounds compared to Cu-Zn and Cu-Sn compounds, according to the magnitude of the Gibbs free energy. The Ag-Zn binary phase diagram 21 indicates that Ag exhibits 1 at.% solid solubility in Zn and zero solubility in Sn. According, Zn preferentially forms the Cu-Zn compound. Further aging up to 1700 h resulted in the appearance of voids and cracks within the interfacial region of the Sn-8.55Zn-1Ag/Cu specimen [ Fig. 2(b) ]. The cracks, existing parallel to the interface between IMC and solder, are believed to result partly from the merging of Kirkendall voids.
Al tends to segregate at the interface between solder and IMC upon aging as evidenced by the results given in Table I and Fig. 7 . This phenomenon is further observed after aging for 1700 h (Fig. 8) . The interaction between Cu and Al may form the ␥-Cu 9 Al 4 compound of which the Gibbs free energy of formation is −12.053 KJ/mol. 17 The absolute value of this Gibbs free energy is greater than that of the Cu-Sn and Cu-Zn compounds. Accordingly, Cu tends to react with Al rather than with Zn or Sn when coexisting with these elements as delineated by the composition analysis (Table I ). The Cu-Al compound shows no solubility with the Cu-Sn or Cu-Zn compound and thus is "expelled" to the interface between the Sn-Zn-Cu compound layer and the outer unreacted solder layer. Similarly, Ag also shows strong association with Zn as evidenced by the EPMA analysis in Figs. 3(b) and 3(e) . Aging of the higher Al wt.% specimen, Sn-8.55Zn-1Ag-(0.1-0.45)Al (Figs. 4-6) , produced cracks at the interface between the IMC and solder. This phenomenon is also likely to be ascribed to the combination of Kirkendall voids and the stress induced by the IMC growth.
It is also noticed that the solder layer contains high Cu content in all analyzed area for all the solders/Cu specimens. The Cu content is believed to diffuse to the solder from substrate during the wetting and aging process. Liquid-state diffusion is much faster than solid-state diffusion. For instance, it may take 1000 h of solid-state aging to form a certain thickness of IMC that would form during a wetting process for a few minutes. 11, 20, [22] [23] [24] [25] [26] [27] [28] [29] [30] 
B. Thermodynamic of IMC growth
The addition of Al lowers the formation rate of the IMC. The behavior lasts at Al addition from 0.01 to 0.1 wt.%. The major IMCs formed in the specimen are Cu-Sn and Cu-Zn compounds. Of these elements-Al, Sn, and Zn-Cu will preferentially form a compound with Al over the others. Thus, the addition of Al will compete for Cu to form a Cu-Al compound. The barrier effect of this Cu-Al compound on counterdiffusion between Cu and solder was reported for the Sn-Zn-Al solder in contact with Cu. 31 It is believed that the decrease in growth rate (Fig. 9 ) of the IMC layer in 0.01-0.1 wt.% Al-containing solder results from the barrier effect. The barrier effect, however, diminishes at further addition of Al. It is evident that the IMC layer exhibits cracks and voids upon aging for the higher Al content solder (Figs. 4-6 ). The barrier effect was thus destroyed and higher IMC growth rates were achieved for 0.25 wt.% and 0.45 wt.% Alcontaining solders.
Additionally, Al tends to form a Cu-Al compound. Al competes against Zn for Cu, but has no chemical reaction with Sn. Al may form a Ag-Al compound; yet the opportunity of the Ag-Al compound formation decreases with the formation of the stable Ag-Zn compound. 19 Therefore, increasing the addition of Al within 0.01-0.1 wt.% is helpful for lowering the growth rate of IMC for the Sn-8.55Zn-1Ag-XAl solder/Cu specimen. The results of Fig. 9 further reveal a minimum in IMC formation rate at 0.01 wt.% Al. In view of the cracks and voids observed at higher Al content (0.25 wt.% Al and 0.45 wt.% Al), it is suspected that extensive formation of Cu-Al compound will degrade the compactness of the compound layer. In other words, a thin Cu-Al compound layer may give rise to a dense compact structure and thus a satisfactory barrier effect. An increasing Al content may produce undesired structure as far as diffusion barrier is concerned. Nevertheless, all of the hypotheses need further experimental approval.
V. CONCLUSION
The IMCs produced upon aging of Cu/Sn-XZn-YAgXAl specimens are mainly formed among Cu, Zn, and Sn. The growth of IMC layer is a diffusion-controlled process. Extending aging at 150°C of the Cu/Sn-9Zn, Cu/Sn-8.55Zn-1Ag, and Cu/Sn-8.55Zn-1Ag-XAl specimens resulted in formation of cracks and voids at IMCs/solders interface as well as in the IMC layer. Sn-8.55Zn-1Ag-0.01Al/Cu is the only specimen that shows no cracks upon aging. Cu may also form a compound with Al. The Cu-Al compound exists between the major IMC layer and solder and acts as the barrier layer to counter diffusion between Cu and other solder elements. The 0.01-0.1 wt.% Al-containing solders exhibit a lower IMC growth rate than Sn-9Zn and Sn-8.55Zn-1Ag solders; yet, a further increase of Al content will raise the growth rate.
